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Abstract

We report a studyto determinethe impactof four typesof
disturbanceson the failure intensityof a software product
undergoing systemtest. Hardware failures, discovery of
a critical fault, attrition in the test team,are examplesof
disturbancesthat will likely affect the convergenceof the
failure intensityto its desiredvalue. Such disturbancesare
modeledasimpulse, pulse, step,andwhitenoise. Our study
examined,in quantitativeterms,the impactof such distur-
banceson the convergencebehaviorof the failure inten-
sity. Resultsfrom this studyreveal that thebehaviorof the
statemodel, proposedelsewhere, is consistentwith what
onemight predict. Themodelis usefulin that it provides
a quantitativemeasure of thedelayonecanexpectwhena
disturbanceoccurs.

1 Intr oduction

The systemtestphaseof the softwarelife cycle is sub-
ject to varioustypesof disturbances,both unforeseenand
known a priori. Whena disturbanceoccursduring the test
phase,it maycausea delayin therealizationof theobjec-
tives.In thestudyreportedhere,thefailureintensityof the
software productundertest is of interestto us. Thus we
want to understand,andpredict,how will theconvergence
of failure intensityto its desiredvaluebe affecteddueto a
disturbance.This studyis basedentirelyon a modelof the
softwaretestprocessproposedelsewhere[1].

�
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1.1 Systemtest, reliability growth, and the prob­
lem of interest

The systemtest phase(STP) in a software life cycle is
intendedto test a software systemfor conformancewith
both functionalandnon-functionalrequirements.Accord-
ing to Donnely et al. “System test and �eld trial activ-
ities certify that the software requirementsof the product
aremetandthattheproductis readyfor generaluseby the
customer.”[2]. During thesystemtestphase,onemaycon-
duct varioustypesof testssuchas reliability growth test,
regressiontest, and featuretest. We focus on reliability
growth test.

Now supposethata testmanageris givenafailureinten-
sity objective

���

that mustbe met by a deadline�

�

. Sup-
posealsothat at sometime �����

�

the failure intensityof
the productundertest is

�
	

����


���

. Underthis scenario,
thefollowing two questionsareof interestto us.

Is there a needto alter theparameters of the
testprocesssothattheobjectiveis metby �

�

?

If the answerto the abovequestionis in the
af�rmative thenwhatchanges,in quantitative
terms,shouldbe madeto the testprocessin
order for theobjectiveto bemet?

An answerto thequestionsabovehasbeenproposedus-
ing astatevariableapproach[1]. Thisapproachallowedthe
developmentof a �rst orderlinearmodelof thesystemtest
phasethat is usedduringthetestprocessto obtainanswers



to thetwo questionsabove.With respectto thisstatemodel,
our interestis in obtainingan answerto the following two
questions.

Disturbancemodeling:How doesonemodel
quantitativelythedisturbancesthatcanaffect
theconvergenceof thetestprocessto theob-
jective?

Impactof disturbances:How doesa distur-
banceeffect the convergenceof the testpro-
cesstowardsthefailure intensityobjective?

1.2 Problemcontext

Theuseof feedbackcontrolduringtheSTPis illustratedin
Figure1. The �gure shows four key componentsthatpar-
ticipatein thecontrolprocess.ThesearetheActual STP
which consistsof the testengineers,tools,documentation,
etc., a State Model of the STPwhich is Model S, a
Controller , and the test manager . The manage-
mentdecideshow many testersto employ to testtheprod-
uct. Thisnumberis theinitial valueof ��� . Thetestmanager
estimatesthequality � of thetestprocess.Thecomplexity
of thesoftwareundertestis computedasaconvex combina-
tion of severalwell known complexity metricssuchasthe
numberof function points, lines of code,and the number
of data�o ws [3]. An initial estimateof the failure inten-
sity

�
	��

���

�	�

is madeof the softwareproductreadyto
enterthe testphase.Furthermore,we assumethat to plan
andmonitor the progressof the STP, the testmanagerdi-
videstheentirephaseinto asequenceof 
 


�

checkpoints
denotedby cp�
� cp����������� cp� with cp� beingthe�rst check-
point after testinghasbegunandcp� thedeadline.There-
alizationof thefailureintensityobjective is distributedover
thesecheckpoints.Thus,checkpointcp� is speci�ed asa
pair ( �

�

�

�

�

� ), where�

� is sometimeprior to thedeadlineand
�

�

� is the desiredfailure intensityof the productat check-
pointcp

�

.
At checkpointcp����� 


�

,
�

� of theproductis estimated
andcomparedagainsttheexpected

���

� computedby thestate
model. Theerrorsignal �

�

���

���

���

�

� is input to a con-
troller. Usingthis errorsignal, �! , �

� , and � , thecontroller
computesasetof possiblechanges�"�$#

�

and �"�%# thatcould
bemadeto �

� and � , respectively, in orderfor theSTPto
meetthereliability objectiveonor beforethedeadline.The
computedchangesaremadeavailable to the testmanager
who may or may not chooseto ignorethem. ThoughFig-
ure1 givestheimpressionthatonly a singlepair ( �"�&#

�

and
�'�%# ) of valuesis outputby thecontroller, in reality thecon-
troller outputsa �nite setof suchpairsfrom which thetest
managercouldselect.The STPresumeswith a workforce
of ( �

�'(
�)�

� ) anda processquality of ( �
(

�"� ), where
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Figure 1. Closed loop contr ol of the software
test process using reliability measurements.
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��� is the estimate of the failure intensity at
checkpoint cp � .

�*�

�

	

��� is the expected failure
intensity of the product computed by Model
S at checkpoint cp � .

�)� � and �'� denotethe actualchangesmadeby the test
manager.

The STP model and the controller cooperateto form
a feedbackcontrol loop. Unforeseendisturbancesin the
STPareaccountedfor by updatingestimatesof themodel
parameters.The control loop offers the test managerop-
portunitiesto make alterationsto the STP at any check-
point. Thesealterationscouldcomein many formssuchas
a changein thenumberof testers,in thequality of thetest
process,in the testobjectivesthemselves,or any combina-
tion of these. Thus the inherentuncertaintyand the vari-
ability of theSTPis accountedfor in the feedbackcontrol
loop.

Theremainderof thispaperis organizedasfollows.Sec-
tion 2 providesanoverview of thestatemodelthatservesas
thebasisfor studyingtheimpactof disturbancesonthecon-
vergenceof the failure intensity. The mathematicalback-
groundrequiredfor a completeunderstandingof themate-
rial in this paperis beyond the scopeof this paperand is
foundin standardtextsonautomaticcontrol[4, 5]. Thedef-
initions of differenttypesof input signals,unforeseenper-
turbationsin Model S, andtheircorrelationto theSTPare
providedin Section3. Theresultsof stimulatingModel S
with impulse,pulse,step,andwhite noiseinputsarepre-
sentedin Section4 andanalyzedin Section5. Section6
summarizesthis work.

2 Review of StateModel of the STP1

A linear modelof the STP is basedon threeassumptions
presentedbelow [3]. Theseassumptionsare basedon an
analogyof theSTPwith thephysicalprocesstypi�ed by a

1Sectionmostlyextractedfrom author's previouswork [1].



spring-mass-dashpotsystemandthepredator-prey system.
A completedescriptionandjusti�cation of thisanalogyand
thechoiceof a linearmodelis outsidethescopeof this pa-
perandis foundelsewhere.[3]

The widespreaduseof differential equationsto model
many different typesof systems[5, 6] combinedwith the
fact thatmostof suchmodelsweredevelopedusinganalo-
gies to physical systemswith assumptionssimilar[7, 8]
to ours further justify the choiceof a secondorder linear
model.

Assumption 1: The magnitudeof the rateof decreaseof
failureintensityof a softwareproductis proportionalto the
net appliedeffort during the testphaseandinverselypro-
portionalto thecomplexity of theproduct.

�

�

�

�

�

�  

�

�

� �

�

� 	

��� �
 (1)

The �rst assumptionalso follows from the observation
that complex programsrequiremore test effort than rela-
tively simplerprogramsfor approximatelythesamereduc-
tion in their respective failure intensities.While the value
of thefaultexposureratio (FER)de�ned in [9] doesplayan
importantrole in how the failure intensitychanges,we be-
lieve thatFER itself is a functionof the quality of the test
processandneednotbetreatedasanindependentparameter
in themodel.For example,atestprocessthatusesadvanced
methodsfor testgeneration,suchasthosethatusecoverage
measurementtools, is likely to leadto a higherfault expo-
sureratio,thanonethatusesonly black-boxfunctionaltest-
ing for the generationof tests. Justi�cation for our belief
comesfrom datapresentedin earlierwork[10].

The net appliedeffort ( �

� ) is the balanceof all the ef-
fort appliedduringthetestphase.This resultsfrom thedif-
ferenceof the effective effort appliedby the testteammi-
nusany “frictional” forcesthatdecreasetheappliedeffort.
Since

�

representsfailure intensity, its �rst derivative
�

�

is
the failure intensityreductionvelocity ( �

� ). Consequently,
�

�

, which denotesthe rate of changeof
�

�

, is an accelera-
tion. Thus,the conceptsof velocity andaccelerationhave
counterpartsin thetestphase.

Assumption 2: The magnitudeof the effective testeffort
is proportionalto theproductof appliedwork forceandthe
failureintensity, i.e., for anappropriated� .

�

�

�

�
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� ���

�
	

��� (2)

where �

	

�
 

�

�

�

�
 ��

. Parameter� dependson thesoftware

projectcharacteristicsandwill have thevalues:i- �

�
	

�

���

for an organic modeproject; ii- �

�
	

�

	�� for an semi-
detachedmodeprojectand; iii- �

��	

�

�

�

for an embedded
modeproject. This classi�cationandthe respective values

werede�ned andempirically validatedfor the COCOMO
model [11].

Assumption2 canbe understoodwith anotheranalogy.
In a springthe restoringforce is determinedby the spring
stiffnessandby how muchthespringis extendedbeyondits
naturallength. Increasingthespringstiffnessor theexten-
sion increasesthe restoringforce. The effective testeffort
canbe interpretedin an analogousway. The failure inten-
sity is analogousto thespringlength. At thebeginningof
thetestphase

�

is larger thanit is towardstheend. Hence,
theeffectiveeffort decreasesas

�

decreases.Thework force
canbe relatedto the springstiffness. The larger the work
force, the greaterthe restoringforce, i.e., the effective ef-
fort. Thusspring stiffnessis analogousto � � andspring
extensionto failureintensity(

�

). In Eqn.2, � remainscon-
stantover a period andmustbe calibratedfor the project
underanalysis.

Assumption 3: The resistanceto a decreasein the failure
intensityopposes,is proportionalto thethevelocityof fail-
ureintensity, andinverselyproportionalto theoverallqual-
ity of thetestphase,for anappropriateconstant� .

���

�

���

	

�

�

� 	

��� (3)

This assumptionimplies that the fasterone tries to re-
ducethe failure intensity the more likely one is to make
mistakes leadingto possibleslowdown in the overall test
process.A physicaldashpotcanbeusedto explain this be-
havior. Thecoef�cient of viscosityof the liquid insidethe
dashpotis

�

�

. Therefore,a small coef�cient of viscosityis
analogousto a carefullyconductedtestphaseandthusthe
numberof new errorsinsertedis small. Largercoef�cient
of viscosity is analogousto the testphasein which more
errorsareintroducedthanwould be introducedundernor-
mal circumstances.Thevelocity componentin thedashpot
is analogousto the failure intensityreductionvelocity (

�

�

).
Thus,theoverall quality of the testphase,denotedby ( � ),
andthe rateat which failure intensityis decreasing,deter-
minesthefailureintensityreductionresistanceeffort which
is analogousto thedampingforcegeneratedby thedashpot.
In Eqn.3, � is merelya constantof proportionality.

CombiningEqs.1, 2, and3 in a forcebalanceequation
( �

�

�
(

���

�

�

� ) andorganizingit in a statevariable
format(

�

�

���

�

(���� ) leadsto thefollowing systemof
equations.�

�

� 	

���

�

� 	

�����
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�
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(4)
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�

(5)

Model S shown in Figure1 consistsof Eqs.4 and5. A
solution to theseequations,with appropriateestimatesof



parametervalues,generates
���

�

	

��� in Figure1. Using the
relationshipin Eq.6, onecomputes�

�

�

	

��� .

�

	��

�

�

�

 �������	�


(6)

2.1 Estimation of modelparameters

� � is relatively easyto computeas it is de�ned to be
thenumberof testerstestingtheproduct. Thevalueof � �

mustbe adjustedfor any part-timeandtemporaryperson-
nel. Parameters�
 and � arecomputedby applyinga con-
vex combination[12] of availablemetrics. The remaining
parametersareestimatedthroughtheuseof SystemIdenti-
�cation [13] techniques[14]. An importantcharacteristicof
ourapproachis thatestimatesof all parametersareupdated
at eachcheckpointtherebyimproving their accuracy with
thepassageof time. Changesin thetestenvironment,such
asin theworkforceandthequalityof theSTP, areaccounted
for asandwhenthey occur.[14]

2.2 Computing �"� #

�

and �"� #

In a feedbackcontrol system,the largesteigenvalueof
thesystemdeterminestheslowestrateof convergenceand
dominateshow fast the outputvariablesconverge to their
desiredvalues.Therefore,in orderto control

� 	

��� sothatit
reachesits desiredvalueby thedeadline�

� , wemustadjust
the largesteigenvalueappropriately. Given

� 	��

� , the fail-
ure intensityat time

�

, and
� 	��

(
� ��� , thedesiredfailure

intensityat time � � later, we usethefollowing equationto
determinetheamountby which to adjustthe largesteigen-
value 
������ .2

� 	��

(
� ���

�

�
	��

�

�

 ������������

(7)

We know thevaluesof
�
	��

� ,
� 	��

(
� ��� and � � at check-

point cp� ��� 


�

and hencewe solve Eq. 7 and �nd the
value of 


����� . The eigenvaluesof a systemare de�ned
by the roots of the characteristicpolynomial ( �! 

	


 �

�

"

�

�$# 
&% �

��' ). Computingthe characteristicpolynomial
of ourmodelleads
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(8)

where
,

�

�

�
(

�

� and
,

�
�

�

�
� (

�

#"% . UsingEq.8 we
computethevariationsin thework forceandin thequality
of theprocessnecessaryto meetthedesiredquality objec-
tiveby thedeadline.

2Thesymbol . is usedin mathliteratureto representtheeigenvaluesof
asystem.. is alsousedin theSoftwareReliability to representfailurein-
tensity. To avoid confusionandkeepuniformity with SoftwareReliability
standardswedecided,in this paper, to representtheeigenvaluesof system
by thesymbol / .

3 Modeling UnforeseenPerturbations

3.1 Disturbances

It is assumedthatat thestartof the reliability growth test-
ing, a testmanageris givena failure intensityobjective for
the end productand the deadlineby which this objective
mustbe met. We usefailure intensityasthe failure inten-
sity objective; thereliability itself canbecomputeddirectly
from thefailureintensity.[9] A modelto helpthetestman-
agercontrol the reliability growth testingusing feedback
hasbeenproposed[1] andis summarizedin Eqn.4 and5.
In this model,thesizeof thetestteam( � � ) andthequality
of the testprocess( � ) are the two control variablesavail-
able for manipulationby the test managerto control the
progressof thesystemtestphasetowardsthedesiredobjec-
tive. However, thesystemtestprocessis subjectto various
disturbancesdescribedin thefollowing section.

3.2 Modeling disturbances

Inputsignalsare,in general,usedtodriveasystemfrom one
stateto another. The parameters� and �

� arethe driving
forcesof thestatevariablemodelfor theSTP. Eqn.4 indi-
catesthat theseparametersarenot part of the input. The
useof � or ��� asaninputwouldplacethesystemin anon-
linearspacemakingit dif�cult to applythetechniquesfrom
controltheoryandproducinga relatively dif�cult to under-
standmodel.Furthermore,changesin ��� and � areusually
notasfrequentasaretheunforeseenperturbationsmodeled
by

3

�

. This observation further justi�es theapplicationof
parametriccontrolandtheuseof

3

�

asthe input signalfor
Model R.

Any functioncanbeusedto specifythe input signal. A
squareor sinusoidalwaivewith differentfrequencies,anex-
ponentiallyshaped,andaconstantvalueinputarea few ex-
amples. Thoughall typesof signalsareof someconcern
to the STP, in this work, we focuson four different types
of input signalspresentedin Figure2. Therelationshipbe-
tweenthesefour input signalsandactualeventsin theSTP
is describednext.

3.3 Impulse input

An impulseinput is an instantaneousstimulusto a system
to drive it from state �

�

to state �

� . This stimulusis rep-
resentedmathematicallyby a Dirac deltafunction thatdif-
fersfrom zerofor aninstantbut whoseintegralover time is
unity. Eqn.9 andFigure2 are,respectively, amathematical
anda pictorial representationsof animpulse.

The questionof interestto us is: “What disturbancein
an STP can be modeledreasonablyby an impulse?” A
hardwarefailuredueto poweroutageprior to theovernight
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Impulse Input

of a component of the system
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developer's to the user's environment
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Example: Fd modeled as an increase
in the communication level of the
test team for the remaining period

Example: Fd modeled as a combination
of unforeseen perturbations that
occur during the STP

Figure 2. Diff erent types of inputs to represent
unf oreseen per turbations in a STP.

backupthat causesthe lossof important�les for oneday,
seemsto beareasonabledisturbanceto bemodelby anim-
pulse. Supposethat at the beginning of the day the fail-
ure intensityis

�
	

�

�

�

�

�

�

andat theendof theday, prior
to the power outage,the failure intensity is

� 	

�

�

�

�

�

� ,
for �

�

� �

�

. An instantaneousstimulusdueto the power
outagewill drive the systemfrom state

� 	

�

�

 

�

�

�

� to
� 	

�

�

-

�

�

�

�

.

Another example of an impulse input for the STP is
the replacementof a pre-testedcomponentof the soft-
ware productby a different, thoughsupposedlyfunction-
ally equivalent,component.Suchreplacementmay occur
dueto aneedto improvetheperformanceof theapplication
undertest. Asuming that mostdefectsin the old compo-
nenthave beenremoved,this replacement,which servesas
an instantaneousstimulus,will likely increasethe failure
intensity from the current level

� 	

�

�

 

�

�

�

�

to a higher
level

�
	

�

�

-

�

�

�

�

(

�

��� , where
�

��� is an estimateof
the failure intensityof thenew component.Onemight ar-
guethatthenew componentmaybemorereliablethanthe
oneit replaced.However, we assumethat this is not likely
sinceboth componentswere developedundersimilar cir-
cumstancesandthesecondcomponenthadto meettheper-
formancerequirements.Therefore,in this case,we needto
computethe input

3

�

in Eqn.4 that will drive the system
from

� 	

�

�

 

�

�

�

�

to
� 	

�

�

-

�

�

�

�

(

�

�
� . Thenext subsec-

tion addressesthis issue.In theremainderof this paperwe
usethescenarioof this secondexampleasthecauseof an

impulseinputsignaldisturbingtheprocess.

Computing the responseto an impulse input

The generalformat of an impulse input is presentedin
Eqn. 9. Since the valuesof the Dirac-deltafunction are
known, we needto computethe vector # �

�������

�

�

 

� ' of
coef�cients of

�

�

�

	

	

��� .
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��� (9)

where
�

	

��� is theDirac-deltafunctionand
�

�

�

	

	

��� is the �

���

derivativeof
�

	

��� .

Theorem1 (Characterization of the Solution)[6]: For the
time invariantsystemdynamics

�

�

� �

�

( � � anda given
�

	 �

 

� , supposethat the input assumesthe format as de-
scribedin Eqn. 9. Let 


�

# �

�

�

�����

�

�

 

�

�

' be the
controllabilitymatrix. Then

#

�

	 �

-

� �

�

	��

 

�

' �


�� # �

�

�

�

�����
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� '�� (10)

Theorem1 relates # �

�
�����

�

�

 

� '

� to the valuesof �

	 �

-

�

and �

	 �

 

� , andthecontrollability matrix 
 , but it doesnot
asserttheexistenceof the vector # �

�������

�

�

 

�
' . Theexis-

tenceof asolutionis addressedin thefollowing corollary.

Corollary [6]: Let 


�

#
�

�

�

�����

�

�

 

�

�

' be 
�� 
 . For
each�

	��

-

� , thereexistsa uniqueimpulseinput, de�ned in
Eqn.9, which will drive the �

	 �

 

� to �

	��

-

� if andonly if
"

�

�

	


 ���

�

�

.

The MATLAB function in Figure3 is usedto compute
thevectorof coef�cients # �

�

�

� '

� for theimpulseinput for
thesystemdescribedin Section2.

function ret = Comp_Impulse(sc,zeta,wf, ...
b,chi,gamma,x0,x1)

A(1,1) = 0 ; A(1,2) = 1 ;
A(2,1) = -(wf*zeta)/(scˆ(1+b)) ;
A(2,2) = -(chi)/(sc*gamma) ;
B = [ 0 1/sc]';
D = [0];
C = [ 1 0 ] ;
sys = ss(A,B,C,D) ;
Q = ctrb(sys) ;
X = x1 - x0 ;
ret = pinv(Q)*X ;

return

Figure 3. MATLAB function for the computa­
tion of # �

�

�

� '

� that composes the impulse
input to drive the system from state �

�

to �

� .



3.4 Pulseinput

The differencebetweenan impulseand a pulsesignal is
their respective durations.Whereas� � is a �nite non-zero
quantityfor a pulse,it tendsto 0 for an impulse. The fre-
quency of a pulsemight alsovary. Thoughthestudyof the
responseof Model R to pulsesof differentfrequenciesis
an importantexercise,we focuson a singlepulseof �x ed
length.

A pulsemay be usedto modelan unexpectedone-half
day training sessionfor the entireor part of the testteam.
In this case,the disturbanceis assumedzeroprior to time

� # 


�

, i.e. beforethe start of the training session.
3

�

assumesa positive non-zerovalueat � # . This valueof
3

�

is keptconstantover theentiredurationof thetrainingafter
which

3

�

is resetto zero. The structureof a singlepulse
inputsignalis depictedin Figure2.

Anotherexampleof a disturbancethat is modeledasa
pulseis the migrationof the productfrom the developer's
environmentto theuser'senvironment.Suppose,for exam-
ple, thatthemigrationperiodis oneweek.Thetestprocess
doesnotprogresswhile thesystemis undermigrationanda
pulseis anappropriatemodelfor this delay. Thedifference
betweenthis exampleandthetrainingsessionis in theside
effectsrelatedto the user's environment. That is, theesti-
matedfailure intensitywill most likely increasewhenthe
productis testedin theuser'senvironment.

3.5 Stepinput

A stepinput is a pulsewith an in�nite width. In our study
a stepinput is modeledby setting

3

�

to zeroprior to some
time � #��

�

andsettingit to someconstant� soonafter ��# .
A stepinput is shown in Figure2.

One disturbancein STP that can be modeledusing a
stepinput is the increasein the communicationand doc-
umentationlevel due to the replacementof the test man-
ager. Assumethatthenew testmanagerrequiresadditional
regular meetingsand demandsmore effort in collecting
dataanddocumentingthe process.Thoughthesechanges
may increasethe overall quality of the process,they may
also slow it down. Thereis a tradeoff in how much can
communicationanddocumentationincreasewithout slow-
ing down the process. In this casewe assumean over-

�

communication/documentation� resultingin deceleration.

3.6 White noise

White noiseis a randominput signalthatnever repeatsand
hasa�at frequency spectrum.Usually, thereis alargenum-
ber of sourcesof disturbancesin a STP. A combinationof
disturbancesgeneratedby thesesourcesis modeledaswhite
noise.Sourcesof disturbancesthatareassumedto combine

into awhitenoiseincludepersonalproblemssuchasillness,
software/hardwareproblemsrelatedto the environmentin
which the test is beingconducted,anda fatal failure of a
critical hardwarecomponent.Theseproblemsmayor may
not occurandthereis no easyway to predictthefrequency
or intensityof any of themor theircombination.Therefore,
a randomsignal (white noise)seemsto be an appropriate
modelof suchunforeseenperturbationsin theSTP.

4 Results
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Figure 4. Effect of an impulse input on the
failure intensity of a software product. The
impulse is modeled so as to cause a 5% in­
crease in

�
	

��� at the time of occurrence . The
impulse occur s at the TADs speci�ed earlier .

The impact of various disturbanceson the convergence
of the failure intensity

�
	

��� was studiedby setting
3

�

in
Model R to appropriatevaluesandsolving themodelfor

� 	

��� . The impactwasstudiedin isolation for eachof the
four input types,namely impulse,pulse, step,and white
noise. Each input was applied (i) early in the test pro-
cess,(ii) somewherein themiddle of the testprocess,and
(iii) closeto the endof the testprocess.This variationin
the time of the applicationof the input allows us to deter-
minethedifferencesin

�
	

��� dueto thedifferenttimeswhen
thedisturbancesactuallyoccurduringtheSTP. As theterms
“early”, “somewherein themiddle”, and“closeto theend”
arefuzzy, wearbitrarily setthetimes(in days)atwhich the
disturbanceis appliedto #

	

� ����� �

' . We referto thesethree
timesas“time of theapplicationof a disturbance”or, sim-
ply, TADs.

Unlessstatedotherwise,the following parameterval-
uesare assumedduring the computations:the workforce
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Figure 5. Effect of a pulse input on the fail­
ure intensity . The pulse is applied at diff erent
TADs. The input at each TAD are equiv alent
to, respectivel y, �

�

	

	

�

��� � �

	��

� , �

�

	 �!�

��� � �

�

�

� and
�

�

	 � �

��� � �

�

�

� . The duration of each pulse is 8
days.

�
�

� 	

�

, quality of the test process�

�

�

� � , complex-
ity of the applicationundertest �  

�

�

� , modelparame-
ters �

���

�

, �

� 	 	�� , and �

��	

�

���

. The parameterval-
ueshave beenselectedarbitrarily andkeptconstantin this
study. Thedesiredreductionin thefailureintensityis mea-
suredin termsof percentof the initial value,exact values
of thefailureintensityarenot of concernin this study. It is
assumedthat the testmanageris interestedin reducingthe
failureintensityto5%of its initial value.Thus,for example,
if

�
	��

�

� �

�

failures/daythen
� 	

�

�

�

� 	 failureperday,
where�

�

denotesthedeadlineby whichthesystemtestis to
becompleted.

4.1 Impulse input

An impulseinput models,for example,the replacementof
an alreadytestedcomponentby an untestedone. We as-
sumethat sucha replacementcausesan increaseof 5% in

� 	

��� soonafter thedisturbanceoccurs.Eqn.9 is a precise
model of the impulseinput. To obtain the value of

�
	

���

in responseto the impulseinput we needto computethe
vector # �

�

�

�
'

� to drive the systemfrom its currentstate
�

	

�
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�

# �

	

��� �
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'

� to �

	

�

-

�

�

# �

	

���
(

� �

'

� . Comput-
ing thesevaluesusingthescriptfrom Figure3 resultsin the

following impulseinputsfor �

�

#

	

� �������
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Figure4 shows theeffectsof variousimpulseinputson
� 	

��� . As observed from this �gure, the expectedtime to
reduce

�
	

��� to 5%of thevalueat thestartof thetestprocess
is 107days.However, whenanimpulseoccursat time �

�

	

�

thedesiredreductiontakesplacewith a delayof 5 days.
Thecorrespondingdelaysin thereductionof

� 	

��� to 5% of
its initial valueare,respectively, 12and28days,for �

�

���

and �

�

���

.
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Figure 6. Results of the per turbation of the
systems by an pulse input signal at TADs.
The input signal generated is equiv alent to

�
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�

� for all the three time instances and it
persists for 8 days.

4.2 Pulseinput

Two examplesof disturbancesin STPthatcanbemodeled
by a pulsearepresentedin Section3.4. Next we determine
theimpactof thesedisturbanceson

� 	

��� . As shown in Fig-
ure5, a trainingperiodof 8 daysfor theentiretestteamde-
laystheprogressof thetestprocessby thesamenumberof
days.Thevalueof

3

�

is computedby generatinganequiv-
alent,thoughopposite,force to theeffective testeffort �

� ,
i.e.,

3

�
	

���

�

�

�

�

	

��� � �

�

� �

�����

���
(

�
�

�

�

�

	

�

�

�!�

�

���

� .
Noticethattheabsolutevalueof

3

�

is notaconstant,but its
relativevalueis proportionalto thevalueof �

� .
Unlike thebehavior exhibited in Figure5, thevaluesof

3

�

in Figure6 remainconstantoveraperiodof 8 days.For



thethreetimeinstancesused,
3

�

is computedastheequiva-
lentof �

�

	

	

�

� , i.e.,
3

� 	

���

�

�

�

�

	

	

�

� ���

�

� �

�����

� � (

�
�

�

�

�

	

�

�

���

�

� �

� . Therefore,the absolutevalue of
3

�

is the
samefor the three periodsand the respective delays to
achieve thesamegoalare9, 21 and44 daysasis observed
from Figure6.

4.3 Stepinput

An increasein thecommunicationoverheadanddocumen-
tation is modeledasa stepinput. Thestepinput is applied
to the STPat TADs speci�ed earlier. Two differentways
areusedto to generatethe stepinput. The �rst way rep-
resentsanincreasein communicationequivalentto 60%of
the effective testeffort, i.e.,

3
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���

�

�

�

� ���

�
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��� � �
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�
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���

� and is named“proportional
step.” The effectsof this stepinput on

� 	

��� areshown in
Figure7 wheredelaysof 43,33,and16 daysareobserved,
respectively, for thethreeTADs.
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Figure 7. Results of the per turbation of the
systems by an step input signal at TADs.
The input signals for these time instances are
equiv alent to �
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��� � � � and �
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��� � � � ,
respectivel y.

The secondway to generatethe stepinput is to usean
absolutestepinput. In this case,

3

�

is computedasa force
equivalent to 15% of the effective test effort at time �

�

	

�

, i.e.,
3
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���
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�
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� . Theeffectsof stepinputon
� 	

��� areshown in
Figure8.

4.4 White noiseinput

We model white noise by setting
3
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�

���

	

��� �

�

�

	

��� � �

�

� �

�����

���

�

�

�

�

	

�

�

�!�

�

� �

� . Parameter� is

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

50

60

70

80

90

100
Constant Step Input

t - time

l 
- 

fa
ilu

re
 in

te
ns

ity

desired l

no disturbance
step input disturbance at t=10
step input disturbance at t=50
step input disturbance at t=90

Figure 8. Results of the per turbation of the
systems by an step input signal at TADs. The
input signal generated is equiv alent to �
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�

�

for all the three time instances and it persists
for the remaining period.

distributednormallyover therange
�

�����

� . Themeanvalue
of � �uctuates around1 with a standarddeviation of ap-
proximately0.4 for eachof the threecases.Theeffectsof
applyingawhite noiseat TADs areshown in Figure9. The
delaysassociatedwith eachof thethreecasesis 60,47,and
24,respectively.

5 Analysis

We now analysethe resultspresentedabove. Of primary
concernis thedelayassociatedwith eachtypeof input. Any
sideeffectsassociatedwith theinputsignalarealsoconsid-
ered. The delaysdue to variousdisturbancesaresumma-
rizedin Table5.

Impulse input

We observe from Figure 4 that the impact of an impulse
input that drives #

�
	

�

 

�

�

�
	

�

�

�

'

� at �

 to #

� 	

�

-

�
(

� �

'

�

increaseswith theTAD. To explain why supposethatcom-
ponent

���

is replacedby component
�

� . During theearly
phaseof the testcycle it is likely that

���

andits interface
with the other componentshasnot beentested. Thus, it
is reasonableto assumethat thechangein failure intensity
dueto thereplacementof

�
�

by
�

� will beonly dueto the
possiblypoorquality of

�

� leadingto a 5% increasein the
failure.However, laterin theprocess,additionaltestinghas
occurredandthefailureintensityof theapplicationis likely
to be much lessthanwhat it wasduring the early part of
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Figure 9. Effects of white noise on the fail­
ure intensity .
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���

�

��� �

�

�

	

��� , where � is
distrib uted normall y over

�

�����

� .

thetestcycle. Thus,relacementat this time causesa larger
increasein the failure intensityandis dueto failuresasso-
ciatedwith

�
�

andwith the interfacesbetween
�

�

andthe
remainderof thesystem.

Figure10showsthedelayin theconvergenceof thefail-
ure intensity to its desiredvaluewhich is 5% of its initial
value. The delayincreaseswith the time at which the im-
pulseis applied. Eventuallythe failure intensitydoescon-
vergeto its desiredvalueasin Figure10(a).Replacementof
acomponentwhen

� 	

��� is closeto zeroleadsto anincrease
in

�
	

��� . Thetimeto get
�
	

��� backto its valueprevailing just
beforethisincreaseisnearlyconstantandexplainstheeven-
tual convergencein Figure10(a).Thelaterthereplacement
of a componentthe larger the interfacefailuresintroduced
leadingto theovershootbehavior in Figure10(b). Similar
argumentjusti�es thestabilizationof thedelay.

Pulseinput

As pointedoutearlier, thepulseis representedin two dif-
ferentways.Thedelaydueto proportionalpulseinputdoes
not changewith TAD. To explain why, supposethat such
disturbanceis dueto a trainingperiodof 8 daysfor theen-
tire testteam.Thetrainingwill likely delaytheprocessby
thesamenumberof daysbut will not increaseor decrease
thefailureintensity. Therefore,thetimewhenit occursdoes
not imposeany sideeffect on thetestprocessascanbeno-
ticed from Figure5. Note that trainingwill likely increase
thequalityof thetestprocess( � ) andthusspeedupthecon-
vergenceof

� 	

��� to its desiredvalue.However, in thisstudy
we retain � to its original valueandhencetheproportional

Table 1. Delay, measured in “da ys”, in the
convergence of the failure intensity to 5% of
its initial value . The disturbances occur at
times �

�

�

	

�

�

�!�

�

� �

� . The expected time for
convergence without any disturbance is 107
days.

Typeof Delay
Disturbance �

� 	

�

�

�

���

�

�

� �

Impulse 5 12 28
ProportionalPulse 9 9 9
ConstantPulse 9 21 44
ProportionalStep 43 33 16
ConstantStep 73 73 73
White Noise 60 47 24

pulsecausesa constantdelay regardlessof the time of its
occurrencein theSTP.

Theconstantpulseinputis relatedto themigrationof the
systemfrom thetestenvironmentto theuser'senvironment.
In ourstudyweassumeda totalof 8 daysfor themigration.
As seenin Table5, thedelayin convergenceis affectedby
TAD. This is dueto thesideeffectsduringmigration.Dur-
ing migration,at thebeginningof thetestprocess,mostof
thefeaturesrelatedto theenvironmenthavenotbeentested
andhencethedelayin thecompletionof thetestis propor-
tional to the migration time, which is 8 daysin this case.
If themigrationoccursin themiddleof theprocess,i.e. at

�

�

�!�

, someof theenvironmentfeatureshavealreadybeen
testedandanincreasein

�

resultsdueto thedifferencesbe-
tweenthe two environmentsthatexist beforeandafter the
migration. This increasein

�

resultsin an increasein the
delayasnoticedin Figure6. Any increasein

�

is consid-
eredanovershootbecauseweassumethatthemigrationper
sedoesnotaffect

�

.

A behavior similar to the onepresentedby the impulse
input in Figure10 is observed in Figure11. Thedelayin-
creaseswith TAD until it stabilizesat a certainlevel asde-
picted in Figure11(a). Figure11(b) is the counterpartof
Figure10(b)for the impulseinput. Thedifferencesarenot
in theshapeof thecurve, but in thevalues.Thedelaysfor
theimpulseandpulseinputsstabilizeat 158and187days,
respectively. Also, theovershootassociatedwith thepulse
reachesamaximumvalueof 15.62,almost� ve timeslarger
thanthe overshootof 3.29 for the impulseinput. This be-
havior is consistentwith whatonemight expectandis due
to thelongerpersistenceof thepulsewhencomparedto that
of animpulseinput.
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Figure 10. (a)­Delay associated with an im­
pulse input stim ulating the system at a cer­
tain time � . (b)­Over shoot associated with an
impulse input stim ulating the system at a cer­
tain time � .

Stepinput

In ourstudythestepinputmodelsanincreasein thecom-
municationoverhead.For theproportionalstepinput,

3

� 	

���

assumesavalueproportionalto � �

�

�

	

��� andin�icts alarge
delaywhenit occursearlyin theprocessbecauseit persists
throughouttheSTP. Thedelayassociatedwith a stepinput
startsat 43 dayseven thoughthe input occursat �

��	

�

.
Thedelaydecreasesto 33 and16 days,respectively, when
the stepinput occursat �

�

���

and �

�

���

. Figure 12
showsthedecreasein convergencedelayasTAD movesto-
wardsthe endof the STP. We areawareof the tradeoff in
increasedcommunicationandherewe considerthelevel of
communicationhascrossedtheborderof beingbene�cial.
Thereis no overshootdueto a stepinput asonewould not
expectany increasein thefailureintensitydueto anincrease
in communicationoverhead.

A saturationeffectcanbeobservedin Figure8 whenthe
stepinput assumesa constantvalue. Thereis no condition
linkedto theincreaseof thecommunicationlevel thatwould
leadto asaturationin thetestprocess.It is well known that
suchbehavior is relatedto thecriteriausedandthequality
of thetestprocess.It is inappropriateto modelthecommu-
nicationoverheadusinga constantvaluestepinput.

White noiseinput

Figure9 shows that thedelayassociatedwith TAD of a
white noiseinput rangesfrom 0 to 2 timesthevalueof the
effectivetesteffort. As expected,theearlierthenoisestarts
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Figure 11. (a)­Delay associated with a pulse
input stim ulating the system at a cer tain time

� . (b)­Over shoot associated with a pulse input
stim ulating the system at a cer tain time � .

the longerthedelay. The delayis 60 dayswhenthenoise
signal is appliedat �

� 	

�

anddropsto 47 and24 days,
respectively, for �

�

���

and �

�

�

�

. However, we believe
thatthedisturbancesthatcanbemodeledaswhitenoiseare
moreprevalentduringtheearlypartof theSTPthanduring
its laterpart.Therefore,thefrequency of thenoiseseemsto
bea moreinterestingparameterto consider.

Figure13 shows thedelayassociatedwith a white noise
input appliedstartingalwaysat thestartof theSTP. Thex-
axisrepresentshow frequentlythedisturbancemodeledby
the white noiseoccursand rangesfrom 0 to 1, i.e., from
0% to 100%.As before,thevalueof thenoiseis computed
as

3

� 	

���

�

���

	

�����

�

�

	

��� , for � rangingfrom 0 to 2. As
observedfrom Figure13, thedelayincreaseswith the fre-
quency of the white noiseinput. This behavior appearsto
beconsistentwith reality.

6 Summary

A studywasundertaken to examinethe impactof various
typesof disturbancesthatmight occurduringa systemtest
phaseontheconvergenceof thefailureintensityof theprod-
uctundertest.Disturbancesaremodeledasimpulse,pulse,
step,and white noiseinputs to the STP. Theseinputsare
then appliedto a statemodel of the STP, proposedin an
earlierwork, and the effect observed on the failure inten-
sity. Resultscon�rm thecommonlyobservedphenomenon
that thedelayin theconvergenceof the failure intensityto
its desiredvaluedependson the type of the input and its
time of occurrence.Theuseof thestatemodelassistin the
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Figure 12. Delay associated with a step input
stim ulating the system at time � .

quanti�cation of the delays. The studywasconductedby
isolatingvarioustypesof disturbances.This allowedus to
individually studythe impactof eachtype of input on the
convergenceof thefailureintensity.
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